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Abstract. Subterranean clover (Trifolium subterraneum) is a key pasture legume across southernAustralia and elsewhere.
Decline in subterranean clover pastures was first recognised in Australia during the 1960s and manifests as an increase in
weeds andadecrease indesirable legumespecies.Whileboth root disease andpoornutritioncontribute to subterraneanclover
pasture decline, the relationships between root disease andnutritionhavenot beendetermined.Theobjectiveof this studywas
to define these relationships. Field experiments were undertaken to determine the nutritional and pathogen status of soils and
subterranean clover from three Western Australian field sites. Subsequently, controlled environment experiments were
undertaken to determine the relative severities of tap and lateral root disease and growth of plants when soil cores taken from
these three field sites were amended with a complete nutrient solution or a range of individual macro- or micronutrient
treatments.Applicationof a ‘Hoaglands’ complete nutrient solutiondecreased the severity of tap root disease byanaverageof
45% and lateral root disease by 32%. Amendment with K alone reduced the severity of tap root disease an average of 32%;
while theapplicationofNalone reduced the severity of tap root diseaseby33%and lateral root diseaseby27%.Applicationof
Hoaglands, K, N or Zn increased shoot and root dryweight, whileMo only increased shoot dryweight. This is the first report
to show that mineral nutrients can substantially ameliorate root disease in subterranean clover. The results demonstrate that
while root disease limits plant growth, improvement in the nutritional status of nutrient-impoverished soils can significantly
reduce root disease. There is significant potential to incorporate nutrient amendments into an integrated andmore sustainable
approach to better manage root disease and to increase productivity of pasture legumes where soils are inherently nutrient
deficient in one or more nutrients.
Additional keywords: mineral nutrition, pasture decline, pasture productivity, root health, root rot.
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Introduction
Pasture legumes are important components in agronomic
systems around the world (Barbetti et al. 1986). Subterranean
clover (Trifolium subterraneum) is a key pasture legume in
Mediterranean-type climates (Barbetti et al. 2007). It is grown
in pastures in parts of Africa, Asia, Australia, Europe, North
America and SouthAmerica (Barbetti et al. 1986, 2007). There is
an estimated 22million ha of subterranean clover in Australia
(Sandral et al. 1997) where it is widely used to increase stock
carrying capacity and provide soil mineral N for use by
subsequent crops in rotations because it grows well on acid
soils and has high forage quality (Barbetti et al. 1986).
Pasture decline is a multifaceted and widespread disorder of
subterranean clover-based pastures caused by both biotic (e.g.
root disease) and abiotic (e.g. low levels of soil nutrients) stresses
(Barbetti et al. 2007). Pasture decline leads to changes in pasture
composition such as increased weeds and decreased legumes to
greatly reduce productivity (Reeve et al. 2000). Severe damage
from root disease particularly occurs throughout much of the
lower south-west and southern coastal districts of Western
Australia (MacNish et al. 1976; Barbetti and MacNish 1983).
Macro- and micronutrient deficiencies can greatly reduce the
proportion of subterranean clover within pastures (Hannam and
Reuter 1987). Phosphorus deficiency is common in most Western
Australian soils (Bolland and Brennan 2005), while S, K and
Ca deficiencies are most common in sandy soils in the higher
rainfall areas of southern Western Australia (Brennan 2000;
Yeates 2006; Adcock et al. 2007). Copper, Mo and Zn are the
most commonly deficient micronutrients in Western Australian
soils (Donald and Prescott 1975). However, the application of Co
can also increase subterranean clover productivity (Ozanne et al.
1963). Thewidespread nutrient deficiencies inWesternAustralian
soils are due to their antiquity and prolonged exposure to
weathering, erosion and leaching (Donald and Prescott 1975).
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Necrotrophic pathogens tend to be prevalent in the
Mediterranean-type environments of southern Australia, where
nutrient-deficient soils and low levels of microbial competition
predispose the plant to disease (Sivasithamparam 1993, 1996).
Root diseasewasfirst reported in associationwith pasture decline
in Western Australia during the late 1960s (Shipton 1967). Root
rot pathogens cause pre-emergence damping-off and severe
root damage to both seedlings (Wong et al. 1984) and mature
subterranean clover (O’Rourke et al. 2009). In disease-prone
areas, extreme cases have involved a greater than 90% failure in
seedling emergence (Wong et al. 1985b).
The principal pathogens that are responsible for disease of
subterranean clover across southern Australia include:
Phytophthora clandestina (Greenhalgh and Taylor 1985;
Taylor et al. 1985a, 1985b), Pythium irregulare (Barbetti and
MacNish 1978; Greenhalgh and Lucas 1984; Wong et al. 1984,
1985b, 1986), Aphanomyces trifolii (O’Rourke et al. 2010),
Fusarium avenaceum (Shipton 1967; Kollmorgen 1974;
McGee and Kellock 1974; Wong et al. 1984), Rhizoctonia
solani (Wong et al. 1985a, 1986) and Cylindrocarpon
didymum (Barbetti 2005). Root rot pathogens frequently form
complexes that greatly increase the severity of root disease
(Wong et al. 1984, 1985b).
Reduced nodulation on subterranean clover roots also has
been suggested to cause pasture decline (Coventry et al. 1985).
Nodulation can be reduced by soil acidity, infrequent inoculation,
poor nutrition and root disease (Jones and Curnow 1986).
Sanford et al. (1994, 1995) found that N fixation is suboptimal
in many subterranean clover-based pastures in southern Western
Australia. In their survey, Sanford et al. (1994) found that 29% of
sites had between 0 and 65% of the optimal levels of N fixation
and that herbage productionwas significantly below its potential.
Nutrient deficiencies reduce the natural resistance of plants to
pathogens so that the correction of these deficiencies frequently
reduces the severity of disease (Graham 1983). While poor
nutrition and severe root disease frequently occur in areas
prone to root disease, no study has examined the relationships
between nutrition and root disease of subterranean clover.
Experiments were undertaken to define the nutritional and
pathogen status of soils from three Western Australian field
sites and to determine the relative severities of tap and lateral
root disease and plant size for subterranean clover grown in field
soil cores amended with a complete nutrient solution or a range
of individual macro- or micronutrient treatments. Relationships
between tap and lateral root disease with shoot and root growth
also were assessed.
Materials and methods
Field sampling
In May 2006, subterranean clover root rot pathogens were
investigated at three field sites located in Denbarker, Denmark
and Mt Barker in south-west Western Australia. The three
field sites were located in areas where subterranean clover was
historically known to suffer from severe root disease and where
permanent pastures had not been re-sown in the past 10 years.
The three field sites were located in different rainfall zones,
Denmark receiving 928mm, Denbarker 735mm and Mt
Barker 575mm annual rainfall in 2006.
At each of the three sites, subterranean clover cv.
Woogenellup seeds were sown to bait out the root pathogens
present on the seedlings after removing the top 3–4mm of soil to
remove the natural seed reserve and avoid contamination from
the resident seed-bank. The edge of a 1-m-long steel star picket
was hammered into the soil to create a furrow 4mm wide and
5mm deep in which 100 surface sterilised (in 70% ethanol)
germinable seeds of subterranean clover cv. Woogenellup
were evenly sown along the furrow. Six weeks after sowing,
plantswere carefully harvested to keep the root systems intact and
placed in polyethylene zip-lock bags for transportation to the
laboratory where the plant roots were thoroughly washed under
running tap water and rinsed in sterile distilled water. Roots were
assessed on a 0–5 disease severity scale for both tap and lateral
root disease (O’Rourke et al. 2009). Roots displaying disease
symptoms were cut into 5–10-mm segments and plated onto
potato dextrose agar (PDA) (~400 plates per site) or MBVmedia
(metalaxyl 10mg, benomyl 5mg and vancomycin 100mg,
cornmeal agar) (1200 plates per site) and incubated at 258C for
3–7 days. Isolates growing on PDA were subcultured on
PDA. The MBV cultures were subcultured onto cornmeal agar
to allow identification of A. trifolii (O’Rourke et al. 2010), which
grows extremely poorly onPDA.The pure cultures obtainedwere
identifiedusing standard taxonomickeysbasedonmorphological
characteristics.
In addition, diseased subterranean clover root systems,
collected from the three field sites, were floated in sterile
distilled water in Petri dishes and examined every 12 h for the
presence of P. clandestina and A. trifolii (Ma et al. 2008).
Soil analyses
Soil was collected for nutrient analysis from the three field sites in
May 2006.Approximately 2 kg of soil was removed from a 6-cm-
deep furrow at each site and placed into a polyethylene zip lock
bag. In addition, 200 soil coreswere collected fromeach site using
a rubbermallet to hammer 5.5-cm-diameter 10-cm-long plastic
pipe segments into the soil. Thesewere then carefully removed so
that soil cores remained intact. The ‘bottom’ end of the soil core
was well secured by sealing with masking tape to prevent soil
leaking out of the core. Soil cores were placed into storage
containers and transported back to the laboratory where the
soils and soil cores were air-dried in a glasshouse and dried
soilwas sent toCSBPPlant andSoilAnalysis (WesternAustralia)
for nutrient analysis. Characteristics assessed included: nitrate-N,
ammonium-N, available-P, available-K, available-S, organic C,
total Fe, conductivity, pH(CaCl2), pH(H2O), DTPA Cu, DTPA
Zn, DTPA Mn, DTPA Fe, exchangeable Ca, exchangeable
Mg, exchangeable Na, exchangeable K, aluminium CaCl2, B,
Cl, Olsen available P, and exchangeable Al. Both nitrate-N and
ammonium-N were extracted from the soil using a Lachat Flow
Injection Analyser method (Searle 1984). Available P and K
were measured using the Colwell test (Colwell 1965; Rayment
and Higginson 1992), S using methods from Blair et al. (1991),
and organic C using methods from Walkley and Black (1934).
The cation exchange capacity and base saturationwere calculated
from exchangeable soil cations (Black 1968). All remaining
nutrient concentrations were determined using protocols
outlined in Rayment and Higginson (1992).
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Plant tissue analyses
Subterranean clover shoots were harvested at each field site for
plant tissue analysis in May 2006, 4 weeks after the opening
seasonal rains following the dry and hot summer–autumn period.
All plants in a 10 10-cm quadrat were excised at the hypocotyl,
using scissors, at 10 randomly picked locations across a 200-m
transect at each field site, placed into polyethylene zip lock bags
and transported back to the laboratory on ice packs. Shoot
material was sorted by plant species and subterranean clover
foliage was collected, vigorously washed in de-ionised water and
dried in anovenat 608Cfor 48 h.Dried sampleswereweighed and
stored for later plant tissue analysis.
Approximately 0.5 g of dried subterranean clover shoots,
subsampled from the bulked 10 samples from each site, was
finely ground and digested in HNO3/HClO4 acids using the
procedure of Johnson and Ulrich (1959). Inductively coupled
plasma atomic emission spectrometry (Fisons ARL, model 3580
B, Los Angeles, CA, USA) (McQuaker et al. 1979), was used to
determine the nutrient concentrations in subterranean clover
shoots for: Al, B, Cd, Ca, Co, Cu, Fe, Pb, Mg, Mn, Mo, P, K,
Na, S, and Zn. Shoot nutrient content was calculated as the
product of shoot nutrient concentration and shoot dry weight.
Nutrient amendment trial
Two duplicate nutrient application experiments were conducted
in a controlled environment room. The nutrient treatments were
selected based on the results obtained from the analysis of the
soils and subterranean clover shoots from the field sites, as well
as knowledge of nutrient deficiencies historically reported
as common to the areas of the three field sites. Both nutrient
application experiments were carried out separately using field
soil cores collected from each of the three field sites.
Stock nutrient solutions were produced based on the nutrient
requirements of wheat grown in ‘Lancelin’ sand (Damon et al.
2007). Lancelin sand is a nutrient-deficient brown fluvisol soil
local to Western Australia. The eight stock nutrient solutions
prepared were of four macronutrients (Ca, K, P, N) and three
micronutrients (Co, Mo, Zn) and a ‘Hoaglands solution’ that
contained 13 nutrients required for plant growth (Damon
et al. 2007). Column stripping was performed using methods
described in Damon et al. (2007) to remove micronutrients from
macronutrient stock solutions. In addition, there were three other
treatments: control (no nutrients added); pasteurised (aerated
steam treated for 90min at 658C) control (Past-control); and a
pasteurised soil plus ‘Hoaglands’ (Past-Hoags) treatment. The
pasteurised treatments were included to determine the growth
response of subterranean clover to nutrient applications in the
absence of root pathogens.
Both nutrient application experiments were conducted under
the same controlled environment conditions and in the same room
where air temperature was maintained at 188C/138C (day/night)
with a 12-h photoperiod at a light intensity of 372mmolm–2 s–1.
The temperatureswere selected tomimic temperatures commonly
seen in the field inWestern Australia duringMay–July when root
disease is prevalent in subterranean clover pastures (Barbetti
1991).
Prior to application, the nutrient solutions were diluted from
stock solutions with 1.67mLkg–1 soil of the nutrient(s) added to
deionised water to produce a total of 50mL for each treatment.
Nutrient treatments were applied to soil cores 24 h before seeds
being sown. The individual nutrient treatments consisted of
(mg kg–1 of soil): Ca (41.0), Co (0.11), K (88.7), P (20.5), Mo
(0.08), N (33.3) or Zn (2.05). The nutrient mixture (NM)
contained all of these nutrients, except N. The ‘Hoaglands’
treatments received combined concentrations (mg kg–1 of soil)
of B (0.12), Ca (41.0), Cl (72.5), Co (0.11), Cu (0.51), K (88.7),
Mg (3.95),Mn (3.26),Mo (0.08), N (33.3), P (20.5), S (34.2), and
Zn (2.05).
Subterranean clover cv.Woogenellup is a fast growing, highly
susceptible cultivar to root diseases and is commonly used as the
model susceptible species for subterranean clover root disease
work (Barbetti et al. 2007). Seeds were surface sterilised in 70%
ethanol for 30 s, scarified lightly with sandpaper to maximise
germination and sown at 5 seeds per soil core at a depth of 10mm.
Any seedlings that originated from the soil seed-bank were
removed; by watering cores 10 days before the commencement
of the experiment and removing all germinated seedlings. There
were eight replicate cores per treatment. InExperiment1, potswere
fully randomised. In Experiment 2, treatments were blocked
together to reduce the chance of cross contamination of nutrients,
especially micronutrients, from splashing during watering. Pots
were watered daily with de-ionised water and allowed to drain to
field capacity. Five weeks after sowing, the number of plants per
pot was counted and plants harvested, washed in tap water to
remove soil from roots, placed into polyethylene zip-lock bags
and stored at 48C for up to 5 days until assessed for tap and
lateral root disease and nodulation. Plants were then dried in an
oven at 608C for 2 days and shoot and root dry weights recorded.
The experiments were repeated.
Root disease assessment
Plant roots were thoroughly washed under running tap water to
remove all soil, floated in shallow trays of sterile deionised water
and both tap and lateral roots were scored independently using a
modified scoring system based on that ofWong et al. (1984). The
scoring system contained 6 disease severity categories: 0 = root
healthy, no discolouration; 1 = <25% of brown roots with no
significant lesions; 2 =25–<50%ofbrown root lesions towards
the base of the tap root; 3 =50 –<75%brown root lesions atmid
tap root; 4 =75% root affected with significant lesions towards
the crown; 5 = dead plant. The number of plants in each disease
severity category was recorded. The average percentage root
disease indices, based on the above disease ratings, were then
calculated using the method described by McKinney (1923),
where:
%Root Disease Index ¼ f½ða 0Þ þ ðb 1Þ þ ðc 2Þ
þ ðd 3Þ þ ðe 4Þ þ ðf  5Þ  100g=
½ðaþ bþ cþ dþ eþ fÞ  5Þ
and where a, b, c, d, e and f are the number of plants with a root
disease score of 0, 1, 2, 3, 4, 5, respectively.
Root nodulation assessment
Nodulation was assessed using a modified rating scheme from
Corbin et al. (1977). The scoring system contained 6 nodulation
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categories based on nodule numbers and positioning: 0 = no
nodules on the crown or elsewhere; 1 = no nodules on the
crown with a few (1–10) elsewhere; 2 = a few crown nodules
but no nodules elsewhere; 3 =many crown nodules (>10) but no
nodules elsewhere; 4 =many crown nodules with a few nodules
elsewhere; 5 =many crown nodules with many nodules
elsewhere. The average percentage nodulation indices, based
on the above nodulation ratings, were then calculated using
the method described by McKinney (1923), where:
%Nodulation Index ¼ f½ða 0Þ þ ðb 1Þ þ ðc 2Þ
þ ðd 3Þ þ ðe 4Þ þ ðf  5Þ  100g=
½ðaþ bþ cþ dþ eþ fÞ  5Þ
and where a, b, c, d, e and f are the number of plants with a
nodulation score of 0, 1, 2, 3, 4, 5, respectively.
Data analyses
For experiments conducted under controlled environment
conditions, the data from the two experiments was pooled
because analysis showed that there was no treatment
experiment interaction and no differences due to blocking of
treatments in the second of the two experiments. An ANOVA
was then conducted to examine the effect of site (Denbarker,
Denmark, Mt Barker) and nutrient treatments using GENSTAT
11th Edition; Block was not included as a factor. For all
variables, there was a significant interaction between site and
treatment (P < 0.001). To help identify the effects of site and
treatment, we included the marginal means for site and treatment
(all were significant at P< 0.001).
Results
Field sampling
The most frequently isolated pathogen on PDA was
F. oxysporum, which comprised 62, 45 and 44% of isolates
from Denmark, Denbarker and Mt Barker, respectively
(Table 1). Other pathogens commonly isolated on PDA were
Pythium spp. and F. acuminatum. The most frequently isolated
pathogen onMBV agar wasFusarium spp. In contrast, the newly
described A. trifolii was only isolated from Denbarker where it
comprised 0.5% of the isolates (Table 1). Rhizopus/Mucor ssp.
groups were the most common non-pathogens isolated.
Soil and shoot tissue analyses from field experiments
The pH at all three field sites was low (<5.5 CaCl2), particularly
at Denmark (Table 2) where exchangeable K and available P
were also low (Table 2). Exchangeable Na and Cl were highest
at Mt Barker (Table 2). Shoot nutrient concentrations were
generally well above levels indicative of deficiency with the
exception of K at Mt Barker and Denmark (Table 3).
Nutrient amendment trial
Tap and lateral root disease: the effect of nutrient treatment on
the level of tap and lateral root disease varied with the site
(Table 4). The estimated means for site show that, in general,
subterranean clover grown in soil from Mt Barker had the most
tap and lateral root disease, closely followed by Denbarker.
Disease levels were significantly lower at Denmark (Table 4).
The estimated means for nutrient treatment show that five
treatments decreased the severity of tap and lateral root
disease (Hoaglands, K, N, Past-Hoags and Past-control) with
the two pasteurisation treatments being the most effective and
essentially eliminating all disease (Table 5).The effectiveness of
the nutrient treatments varied between the three field sites with
the least response at Denmark, the site with the lowest disease
levels (Table 6).While the two pasteurisation treatments virtually
Table 1. Fungal and oomycete species isolated on potato dextrose
agar (PDA)A and an agar containing metalaxyl, benomyl and
vancomycin (MBV)B from Trifolium subterranean plants grown in soil
from Denmark, Denbarker and Mt Barker
Media Fungi/Oomycetes Denbarker Denmark Mt Barker
PDA Alternaria spp. 0 2 0
Aspergillus spp. 2 1 4
Cladosporium spp. 2 2 11
Fusarium acuminatumC 31 23 44
Fusarium equisetiC 12 11 24
Fusarium oxysporumC 181 249 177
Other Fusarium spp.C 8 3 6
Mortierella spp. 85 56 72
Penicillium spp. 4 16 9
Phoma spp.C 15 4 14
Pythium spp.C 35 28 19
Rhizoctonia spp.C 9 3 0
Rhizopus spp. 10 1 19
Trichoderma spp. 2 1 4
MBV Aphanomyces trifoliiC 6 0 0
Fusarium spp.C 206 282 122
Mortierella spp. 417 195 187
Rhizoctonia spp.C 4 9 0
Rhizopus or Mucor spp. 475 603 780
APDA=~400 plates per site.
BMBV=~1200 plates per site.
CDenotes significant recognised root pathogens of subterranean clover.
Table 2. Attributes of Denmark, Denbarker and Mt Barker soils
Soil properties Denbarker Denmark Mt Barker
Soil pH (CaCl2) 5.0 4.6 5.4
Mineral N (mg kg1) 73 100 46
Available P Colwell (mg kg1) 44 13 42
Sulfur (mg kg1) 15.9 9.8 29.1
Organic carbon (%) 4.9 4.7 7.2
Total iron (mg kg1) 293 679 1171
Conductivity (dSm1) 0.2 0.2 0.2
Cu (mg kg1) 0.4 0.7 0.3
Zn (mg kg1) 1.4 6.7 0.9
Mn (mg kg1) 4.2 3.1 7.9
Fe (mg kg1) 37.2 112.8 72.5
Exchangeable Al (mg kg1) 0.1 0.2 0.1
Exchangeable Ca (mg kg1) 8.2 10.6 12.7
Exchangeable Mg (mgkg1) 1.2 0.5 1.3
Exchangeable Na (mg kg1) 0.2 0.3 0.6
Exchangeable K (mg kg1) 0.4 0.1 0.2
Aluminium CaCl2 (mg kg
1) 2.3 2.9 2.0
Boron (mg kg1) 0.7 0.5 0.9
Chloride (mg kg1) 63 32 96
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eliminated tap and lateral root disease at all three sites, Hoaglands
reduced the tap root disease only atMt Barker andDenbarker and
theK andN treatments reduced the severity of both tap and lateral
root disease only at Denbarker (Table 6).
Root nodulation: the effect of nutrient treatment on nodulation
varied with the site (Table 4). Subterranean clover grown in soil
from Denbarker and Denmark had similar levels of nodulation,
while Mt Barker was slightly lower. Four nutrient treatments
improved nodulation of subterranean clover (viz. nutrient
mixture, Past-control, Past-Hoags, Hoaglands), while P
decreased nodulation (Table 5).
The impact of the nutrient treatments on nodulation varied
among the three field sites. For instance, the two pasteurisation
treatments increased nodulation only in Mt Barker soil,
Hoaglands increased nodulation only in Denbarker soil, N
increased nodulation in Denmark soil and nodulation was
decreased by P and Ca in Denbarker soil.
Shoot dryweight: shoot dryweightswere significantly greater
for subterranean clover grown in soil from Denbarker
(240mg pot–1) and Denmark (240mg pot–1) compared with
those in soil from Mt Barker (180mg pot–1) (Table 4). Eight
treatments improved shoot dry weight across the three field sites,
viz.Hoaglands,K,Co),Mo,N,Zn,Past (H) andPast (C) (Table5).
Only two nutrients failed to significantly increase shoot dry
weight, viz. Ca and P (Table 5). Two treatments significantly
increased shoot dry weight in Denbarker soil, viz. N and Zn
(Table 6). Six treatments increased shoot dry weight in Denmark
Table 3. Subterranean clover (Trifolium subterraneum) shoot tissue
nutrient concentrations from field sites at Denmark, Denbarker and
Mt Barker, south-west Western Australia
Shoot nutrients Denbarker Denmark Mt Barker Deficient*
Boron (mg kg1) 28.9 28.3 32.3 <15
Cadmium (mg kg1) 0.2 0.4 0.4 N/A
Calcium (%) 0.9 0.8 1.0 <0.2
Cobalt (mg kg1) 0.2 0.2 0.5 <0.1
Copper (mg kg1) 5.5 12.9 6.5 <4.5
Magnesium (%) 0.2 0.2 0.3 <0.1
Manganese (mg kg1) 29.8 39.9 38.2 <20
Molybdenum (mg kg1) 0.3 0.8 0.5 <0.1
Phosphorus (%) 0.3 0.4 0.5 <0.2
Potassium (%) 1.2 1.5 2.3 <1.3
Sodium (%) 1.4 1.2 0.5 N/A
Sulphur (%) 0.4 0.4 0.5 <0.2
Zinc (mg kg1) 26.4 74.9 25.8 <20
*Deficient values taken from Renter and Robinson (1997).
Table 4. Estimated means of site for tap and lateral root disease, nodulation, and shoot and root dry weight of subterranean clover
(Trifolium subterraneum) cv.Woogenellup grown soil cores fromDenbarker, Denmark andMt Barker in south-westWestern Australia
Plant characteristic Denbarker Denmark Mt Barker VRA Significance l.s.d.
(P< 0.05)
Tap root disease index (%) 33 12 43 141 P< 0.001 4
Lateral root disease index (%) 35 19 41 63 P< 0.001 4
Nodulation index (%) 45 46 36 16 P< 0.001 4
Shoot dry weight (mg pot–1) 240 240 180 26 P< 0.001 19
Root dry weight (mg pot–1) 113 89 90 13 P< 0.001 10
AVR=variance ratio.
Table 5. Estimated means of treatments for tap and lateral root rot disease indices (%), nodulation indices (%) and shoot and root
dry weights per pot (mg pot–1) for subterranean clover (Trifolium subterraneum) cv. Woogenellup grown in soil cores taken from field
sites at Denbarker, Denmark and Mt Barker, south-west Western Australia
Treatment Tap root rot
(disease index %)
Lateral root rot
(disease index %)
Nodulation
(nodulation index %)
Shoot dry
weight (mg pot–1)
Root dry weight
(mg pot–1)
Control 40 43 39 174 74
Past (C) 1 0 49 235 126
Hoaglands 21 28 52 248 105
Past (H) 0 0 50 264 132
N 30 34 42 266 100
P 46 46 29 171 69
K 28 32 42 216 96
Ca 42 45 35 192 83
Co 37 37 42 223 104
Mo 34 38 43 216 93
Nutrient mixture 32 38 46 199 85
Zn 39 39 40 233 99
VRA 32 29 6 6 7
Significance P< 0.001 P< 0.001 P< 0.001 P< 0.001 P < 0.001
l.s.d. (P< 0.05) 7 8 7 37 20
AVR=variance ratio.
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soil, viz. Co, Hoaglands, K, N, Past (C), and Zn (Table 6). Three
treatments increased shoot dryweight in soil fromMtBarker, viz.
Hoaglands, Past (H), and Past (C) (Table 6). None of the nutrient
amendments reduced shoot dry weight at any of the three field
sites (Table 6).
Root dry weights: root dry weights were significantly greater
for subterranean clover grown in Denbarker soil compared with
soils from Denmark and Mt Barker (Table 4). Seven treatments
increased root dryweight at all threefield sites, viz.Hoaglands,K,
Co, N, Zn Past (H), and Past (C) (Table 5). Three of the nutrient
amendments failed to significantly increase root dry weight viz.
Ca, Mo, P (Table 5). No nutrient reduced root dry weight.
However, at Denbarker, only four nutrients increased root dry
weight, viz. Co, N, P, and Zn (Table 6). In contrast, at Denmark,
only Co increased root dry weight (Table 6) and at Mt Barker,
three nutrients increased root dry weight, viz. Hoaglands,
Past (H), and Past (C) (Table 6). None of the nutrients reduced
root dry weight in soil from any of the three field sites (Table 6).
Correlations
Overall, across the threefield sites, therewasapositive correlation
between tap and lateral root disease (R2 = 0.57, P < 0.001,
n= 246; Fig. 1a) as well as between shoot and root dry
weights (R2 = 0.5915, P< 0.001, n= 246; Fig. 1b). In contrast,
there was a negative correlation between tap root disease and
shoot dry weight (R2 = 0.16, P< 0.001, n= 246; Fig. 1c) and
between tap root disease and root dry weight (R2 = 0.26,
P< 0.001, n= 246; Fig. 1d). Correlations between lateral root
disease and shoot and root dry weights, while significant,
explained very little of the variation observed (R2 = 0.07 and
R2 = 0.17, P < 0.001, n = 246; Fig. 1e and f, respectively).
Table6. Estimatedmeansof site and treatment interactions (P< 0.001) for tapand lateral root rotdisease indices (%), nodulation indices (%)and shoot
and root dry weights per pot (mg pot–1) of subterranean clover (Trifolium subterraneum) cv. Woogenellup grown in soil cores taken from field sites at
Denbarker, Denmark and Mt Barker, south-west Western Australia
Site Treatment Tap root rot
(disease index %)
Lateral root rot
(disease index %)
Nodulation
(nodulation index %)
Shoot dry weight
(mg pot–1)
Root dry weight
(mg pot–1)
Denbarker Control 50 52 44 214 79
Past (C) 1 0 46 229 147
Hoaglands 18 27 63 250 108
Past (H) 1 0 48 222 125
N 25 30 50 341 164
P 54 47 28 179 72
K 26 28 49 236 107
Ca 53 56 30 202 96
Co 44 48 40 246 118
Mo 38 39 51 240 114
Nutrient mixture 36 47 54 228 91
Zn 48 49 40 291 130
Denmark Control 16 23 38 171 72
Past (C) 1 1 51 237 90
Hoaglands 11 18 46 283 88
Past (H) 0 0 49 235 103
N 8 11 52 302 69
P 28 30 30 181 63
K 11 22 48 253 100
Ca 17 27 50 244 95
Co 10 19 46 254 119
Mo 13 30 43 227 85
Nutrient mixture 11 23 47 218 91
Zn 16 22 49 269 100
Mt Barker Control 56 53 35 138 70
Past (C) 0 0 50 240 140
Hoaglands 34 39 47 212 119
Past (H) 0 0 52 337 168
N 56 60 23 154 67
P 58 62 28 154 73
K 46 46 28 160 82
Ca 55 53 26 128 59
Co 58 44 39 171 76
Mo 51 44 36 180 81
Nutrient mixture 48 44 38 151 74
Zn 53 47 31 140 68
l.s.d. (P< 0.05) 13 14 13 66 36
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Similarly, only weak correlations were found between both tap
and lateral root disease with nodulation (data not presented).
Discussion
Nutrient applications to soil from the three field sites (Denbarker,
Denmark and Mt Barker) demonstrated that soil amendments
with specific nutrients could decrease the severity of root
disease in subterranean clover pastures. In particular, the
overall reduction in disease severity with Hoaglands solution
demonstrated the potential to significantly reduce both tap and
lateral root disease with a ‘complete’ nutrient fertiliser. Overall,
theHoaglands treatment decreased the severity of tap root disease
by 45% and lateral root disease by 32%. Reduced disease was
particularly notable in soil from Denbarker where the severity of
tap root disease decreasedby76%and lateral root disease by48%.
Denmark was the only site where there was no significant
reduction in the severity of disease with the Hoaglands
solution and this is probably because of the very low root
disease levels at this site to start with. This is the first report to
show that amendments with mineral nutrients can substantially
reduce the severity of tap and lateral root disease in subterranean
clover.
While there was significant correlation between tap root
disease with lateral root disease and between shoot with root
weights (Fig. 1a and b), there was little correlation between tap or
lateral root disease severity with shoot or root dry weights across
the three field sites because of variability in disease severity at the
various sites (Fig. 1c–f). Severe root disease is reported to greatly
decrease pasture productivity, with severe tap root rot having a
greater effect than lateral root rot (Barbetti 1984a). It is possible
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Fig. 1. Relationships between various parameters assessed on subterranean clover (Trifolium subterraneum) cv.
Woogenellup plants in soil cores from field sites at Denbarker, Denmark and Mt Barker, south-west Western Australia.
Specifically: relationships between (a) tap root disease and lateral root disease, (b) shoot dry weight and root dry weight,
(c) tap root disease and shoot dryweight, (d) tap root disease and root dryweight, (e) lateral root disease and shoot dryweight,
and (f) lateral root disease and root dry weight.
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that the5weeks theplantsweregrown in the present studywasnot
long enough for severe root disease to be reflected in shoot and
root weights, since Barbetti (1984a) showed that high levels of
tap root disease in the field were only correlated with decreased
shoot and root weights in subterranean clover between 7 and
17 weeks after sowing.
The subsequent reduction of both tap and lateral root disease
of subterranean clover after application of Hoaglands solution is
likely a consequenceofmore rapid root growth to facilitate escape
of the most vulnerable zone of elongation of the root beyond the
surface organic layer where most pathogen inocula are located
(Sivasithamparam 1993), due to increased tolerance of healthier
plants to root pathogens (Dordas 2008), or from alteration of
beneficial soil microbiological populations (Sivasithamparam
1993). It is likely that more than one nutrient in the Hoaglands
solution was responsible for the reduced disease in soil from
Denmark and Denbarker, as all essential nutrients can reduce
disease severity depending on the biotic and abiotic conditions of
the soil (Huber and Graham 1999).
In addition to decreasing the severity of root disease, the
Hoaglands solution also increased shoot dry weight by an
average of 45% across the three field sites. This was expected
as nutrient applications that increase plant growth rate,
particularly root growth rate, can reduce infection from root
attacking pathogens (Sivasithamparam 1996).
Of the seven individual nutrient treatments examined, viz. Ca,
Co, K, Mo, N, P and Zn, it was K and N that reduced the severity
of both tap and lateral root disease, especially in soil from
Denbarker. It is noteworthy that Denbarker was the only site
whereKwas deficient in shoot tissue.Nutrients aremost effective
at reducing disease severity when correcting a nutrient deficiency
(Dordas 2008). The application of K to Denbarker soil reduced
the severity of both tap and lateral root disease by 48%. It is clear
that the severity of root disease in subterranean clover-based
pastures can be significantly reduced by K fertilisation.
Increased disease in K-deficient subterranean clover probably
reflects reduced metabolic function since K-deficient plants
have altered protein and amino acid production, decreased cell
permeability, and increased susceptibility to tissue maceration
and pathogen penetration (Huber 1980). Similar situations
have been described in other host species. For example, the
application of K induces thicker cuticles and cell walls in
wheat to increase resistance to rust (Puccinia graminis) (Huber
1980). The reduced disease we observed when K was applied
could be due to decreased host susceptibility (Huber and Graham
1999). However, while reduced root development can also be
associated with K-deficiency of some species, (e.g. Fageria and
Barbosa Filho 1994), we did not find a significant increase in
subterranean clover root dry weights in Denbarker soil despite
decreased disease severity with the application of K.
Nitrogen decreased the severity of subterranean clover tap
root disease by 50% and lateral root disease by 42% inDenbarker
soil. Nitrogen could have reduced the severity of root disease
in subterranean clover by changing the plant’s physiology
to affect plant growth, reducing pathogen virulence, or by
modifying the biotic or abiotic environment (Huber and
Thompson 2007). Because of these different mechanisms, the
effect ofNondisease canvarybetween sites andpathogen species
(Dordas 2008). Nitrogen is reported to decrease the severity of
F. oxysporum (Fusarium wilt on tomato) (Woltz and Engelhard
1973) by increasing the rate of root growth or by affecting the
behaviour of other soil microorganisms that can suppress the
pathogenicity of soilborne pathogens (Huber 1980). For example,
the application N in the form of NH4
+ lowers soil pH increasing
the soil activity of Trichoderma koningii, which suppresses
hyphal growth of Gaeumannomyces graminis var. trictici and
reduces severity of take-all disease of wheat in Western
Australian (Simon et al. 1987; Simon and Sivasithamparam
1988a, 1988b, 1989, 1990). It is possible that N applied to the
Denbarker soil increased pathogen suppression rather than plant
tolerance or resistance, but further studies are needed to clarify
this.
Our findings suggest several practical commercial
opportunities to reduce root disease through nutrient
amendment to subterranean clover-based pastures across
southern Australia. For example, K could be applied to the
estimated 20% of K-deficient pastures when the content in
subterranean clover tissues drops below 2% (Bolland et al.
2002; Scanlon 2010). Over half of the farmers applied N (64%
of farms) and K (54%) to pastures on a yearly basis, while a
significant proportion of farmers never applied N (17%) or K
(19%) to their subterranean clover pastures (Scanlon 2010).
Both K and N are frequently deficient in soils in the south-
west of Western Australia (Bolland et al. 2002). Correcting K
and N deficiencies in legume-based pastures across southern
Australia offers significant opportunity to reduce the impact of
subterranean tap and lateral root disease and increase overall
pasture productivity, especially if cultivars with useful host
resistance to the major root pathogens are planted (Barbetti
et al. 2007; Nichols et al. 2007).
Although, K and N were the only individual nutrients that
decreased tap and lateral root disease, six treatments
(N, Hoaglands, Zn, Co, Mo, and K) increased shoot dry
weight; however, the impact of the treatments varied across
the three field sites. For example, N and Zn were the only
treatments to increase shoot dry weight in Denbarker soil.
It was surprising that N increased plant shoot dry weight at
this site, where Hoaglands had no effect despite containing the
same amount of N. Of the six nutrient treatments, viz. Ca, Co,
Hoaglands, K, N and Zn that improved shoot dry weight in
Denmark soil, only Hoaglands increased shoot dry weight in
Mt Barker soil.
Shoot dry weight generally increased as root dry weight
increased and it was not surprising that there were similar
trends with root dry weight responses to the nutrient
treatments. The largest increase in root dry weight came from
theHoaglands treatment (43%) followed byCo (39%), Zn (35%),
N (33%) and K (30%). The various nutrient treatments induced
different responses across the three field sites. Three treatments
(Co, N and Zn) increased root dry weight in soil from Denbarker
while only Co increased root dry weight in Denmark soil and
Hoaglands increased root dryweight inMtBarker soil. Field trials
have demonstrated that Co can increase productivity of both
lucerne (Medicago sativa) and subterranean clover-based
pastures when applied to the infertile siliceous sands in either
SouthAustralia orWesternAustralia (Ozanne et al. 1963; Powrie
1960). However, field responses to Co are very rare outside of
Australia (HannamandReuter 1987).Co is particularly important
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for nodule function to improve plant access to N (Ozanne et al.
1963). In our study, the application of Co did not improve
nodulation but may have improved nodule function. Increased
plant growth following applications of K was expected since it
has been demonstrated to increase pasture yield in 42 out of 100
field experiments conducted in the south-west of Western
Australia (Bolland et al. 2002). Similarly, the application of
Zn can improve legume proportions in pastures by as much as
12% (Reuter et al. 1982).
While Co andZn increased shoot and root dryweights andMo
increased shoot dry weights, none of these treatments decreased
root disease severity. Despite the root systems being larger, the
percentage of root affected by disease remained similar to the
control. However, if the subterranean clover produced sufficient
compensatory roots in such situations, commercial applications
of these nutrients may also improve pasture growth and
productivity, even in the absence of any amelioration of root
disease severity.
Disease on the tap root was a limiting factor for subterranean
clover growth in soil at all three field sites, but especially in Mt
Barker soil. The pasteurised treatments [Past (H) and Past (C)]
substantially increased shoot and root dry weight compared with
the unpasteurised control. For example, Past (H) increased shoot
dry weight by 62% and root dry weight by 80%, while Past (C)
increased shoot dry weight by 40% and root dry weight by 72%.
This increased growthmay be due to reduced pathogen inoculum
(Wong et al. 1984), increases in antagonistic microbes, and/or
released nutrients such as N when soil is pasteurised (Rovira and
Greacen 1957). It is noteworthy that the lowest levels of both tap
and lateral root disease were at the Denmark site where neither
shoot or root dry weights increased after pasteurisation. In
contrast, the highest level of root disease was at Mt Barker
where shoot and root dry weights increased significantly with
the pasteurised treatments. This is a clear indication that not only
was root disease limiting plant growth, but nutrient deficiencies
were also restricting plant growth in Mt Barker soil. Further, the
positive correlation of tap root disease with shoot and root dry
weights confirmed that severe tap root rot had a greater effect
on pasture productivity than lateral root rot (Barbetti 1984a).
These results suggest it should be possible to obtain substantial
improvements in pasture growth by combining host resistance to
root pathogens in combination with fertilisers to ensure nutrient
sufficiency for optimum plant growth.
Nodulation was generally poor at all three field sites, but was
lowest in Mt Barker soil that had the most root disease and the
lowest shoot dry weights, even though root disease correlated
poorly with nodulation. This suggests that factors such as high
soil acidity, Al toxicity and/or the infrequent application of
rhizobia may be responsible for poor nodulation (Jones and
Curnow 1986). Soil acidity directly impacts the survival of
Rhizobium trifolii (Rice et al. 1977; Hartel et al. 1983;
Coventry et al. 1985), while Al toxicity causes root stunting
and can impact root nodulation and rhizobial soil populations
(Bromfield et al. 1983; Jones and Curnow 1986). Rhizobial
inoculations had not been made to these soils in the past
10 years. Application of the Hoaglands treatment was the only
nutrient treatment that improved nodulation across the three
field sites, but it remains to be determined if these and other
nutrient interactions with nodulation would have been different
if a Rhizobium inoculation treatment had been included in these
experiments. In contrast, P dramatically reduced nodulation,
albeit to different degrees at the three sites. The Hoaglands
solution may have improved nodulation of subterranean
clover in the Denbarker soil by healthier larger plants as
indicated by the positive correlation of nodule number with
plant size as previously reported for 85 field sites in the south-
west of Western Australia (O’Rourke et al. 2009), or by the
simultaneous application ofCo,MoandCa, that have been shown
to increase nodulation (Munns 1970; Robson et al. 1979;
Coventry et al. 1985).
Several methods have been reported to reduce the severity of
root disease in subterranean clover. Cultivation can reduce the
severity of root disease for the following two seasons (Barbetti
and MacNish 1984); however, this is not recommended because
disease reductions do not generally persist beyond the next
2–3 years and cultivation can increase root knot nematode
damage (Meloidogyne spp.) where they are prevalent (Barbetti
et al. 2007). Fungicide treatments have produced variable
results (Barbetti 1983, 1984b, 1985; Taylor et al. 1985b) due
largely to the existence of variable pathogen complexes at
different sites (Barbetti et al. 1987a, 1987b). The most reliable
and cost-effective method of reducing the severity of root disease
to date has been the use of appropriate cultivars with resistance
to one or more important root pathogens (Nichols et al. 2007).
However, resistance is incomplete for many root pathogens so
that there could be significant benefits to pasture productivity
fromnutrient amendments.While the tested nutrient amendments
constituted relatively high levels of nutrients that reduceddisease,
the responses from lower levels of nutrient amendment are yet to
be determined.
In conclusion, the application of some nutrients, particularly
Hoaglands, K or N, greatly reduced the severity of tap and lateral
root disease in subterranean clover, with the Hoaglands solution
being the most effective treatment. The integration of mineral
nutrition to correct soil and plant nutrient deficiencies offers
an economical way to reduce the severity of root disease in
subterranean clover pastures particularly when combined with
partially disease-resistant cultivars. This not only can reduce the
level and impact of root disease but also improve nodulation and
productivity of subterranean clover-based pastures.
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